Introduction: Malnutrition refers to both over-and undernutrition and results from a disruption in energy balance. It affects one in three people worldwide and is associated with increased morbidity and mortality. The intestinal microbiota represents a newly identified factor that might contribute to the development of malnutrition, as it harbors traits that complement the human metabolic and endocrine capabilities, thereby influencing energy balance. Areas covered: In the current review, we aim to give a comprehensive overview on the microbiota, its development and its possible influence on energy balance, with emphasis the role of short-chain fatty acids. We also consider microbial characteristics associated with obesity and undernutrition and evaluate microbial manipulating strategies. The PubMed database was searched using the terms:
Introduction
By definition, malnutrition results in adverse effects on tissue or body form, function, and clinical outcome. Malnutrition refers to a state in which there is an excess, deficiency, or imbalance of energy, proteins, or other nutrients [1] . It therefore covers two broad groups: undernutrition (which includes stunting, wasting, underweight, and specific micronutrient deficiencies) and caloric overnutrition (presenting as obesity or overweight) [2] . Currently, one in three people worldwide is malnourished: 1.9 billion adults are overweight and 462 million adults are underweight [2] . It must be noted that over-and undernutrition are not mutually exclusive, and can coincide in the same community, household, and even individual. For example, specific micronutrient deficiencies and muscle wasting can occur in obese individuals. In the current review, we specifically address malnutrition in the context of disturbances in energy balance. Obesity typically results from an excess of energy intake in comparison to energy requirement. The well-known obesity epidemic is thought to be explained by the increased availability and affordability of high-calorie foods, combined with the adoption of a sedentary lifestyle [3] . In contrast, (caloric) undernutrition results from energy intake that is too low to meet energy requirements. This is due to either an absolute food shortage or a considerable decrease in appetite. Undernutrition can also result from an increase in energy expenditure due to disease. Both obesity and undernutrition are associated with increased morbidity and mortality. In order to properly prevent or treat malnutrition, a thorough understanding of all contributing factors is needed.
In the last years, increasing attention is being directed toward the role of the intestinal microbiota in the development of malnutrition. The intestinal microbiota consist of trillions of microorganisms that reside within the human gut. These microorganisms have coevolved with the human race and have acquired traits that complement human metabolic capabilities, thereby actively influencing host energy balance [4] . Accordingly, multiple epidemiological studies have demonstrated microbial compositional patterns that are specific to both obesity and undernutrition [5, 6] . In addition, studies using murine models have demonstrated a causal relation between the intestinal microbiota and weight regulation [7, 8] . The precise pathways through which microbiota influence host energy balance are complex, diverse, and remain poorly understood. However, key players that mediate these pathways are thought to be microbial metabolites, such as short-chain fatty acids (SCFAs) [9] . These SCFAs are produced through bacterial fermentation of otherwise indigestible polysaccharides, oligosaccharides, and proteins. SCFAs can be incorporated in glucose-and lipid synthesis and can function as signaling molecules in several metabolic and endocrine processes [9] . If a disrupted microbial composition is indeed instrumental in the development of malnutrition, microbial manipulation would offer an interesting field of research, contributing to a new range of therapeutic and preventive strategies. The microbial-manipulating strategies that are currently being investigated include pre-, pro-, and antibiotics and fecal microbiota transplantation (FMT) .
In this review, we aim to provide a comprehensive overview of the gut microbiota, its development, and its potential role in energy balance with specific emphasis on SCFAs. We also evaluate the microbial characteristics associated with both obesity and undernutrition and review the microbialmanipulating strategies currently at hand. Finally, we provide expert commentary and a 5-year view on the subject.
Microbial development
Recently, it was reported that a low-abundance placental microbiome may already be present in utero [10] . It must be noted, however, that detection of bacterial species in placental samples might have resulted from contamination, rather than in utero colonization [11] . Actual colonization of the human gut is initiated during birth. This vertical transmission from mother to child could be considered the first, natural occurring microbiota transplant and is evidenced by the considerable differences in neonatal microbial composition depending on delivery mode [12] . Whereas the gut microbiota of newborns delivered by cesarean section is enriched with oral and skin commensals, the microbiota from vaginally delivered newborns correlate more to the microbiota in the mother's vaginal canal and gastrointestinal tract [12] . During the first 3 years of life, this compositional difference gradually decreases and the microbiota develop into an adultlike state. This is characterized by a substantial increase in diversity and decrease in interindividual variability [12, 13] . During maturation, microbial composition is thought to be particularly prone to external influences, which may affect the child's energy balance later in life. For instance, delivery mode by cesarean section might predispose children to obesity [14] . Moreover, children who were treated with antibiotics early in life (which possibly affected their microbial composition) had increased risk of becoming overweight and suffering autoimmune diseases later on [15, 16] .
Around the age of 4 years, the adultlike gut microbiota will contain up to 10 13 microorganisms, consisting of approximately 160 species per individual [17] . The number of gut microbes roughly equates to the number of somatic cells in the human body [18] and harbors a collective genetic material that vastly outnumbers the human genome [17] . Of the microbial genes, approximately 99% is bacterial, whereas the rest is archaeal, eukaryotic, and viral [17] . The bacterial phyla typically dominating the adult human gut are Firmicutes and Bacteroidetes, followed by Actinobacteria and Proteobacteria [12] . Precise microbial composition is highly individual specific [19, 20] . It is influenced by host genetics [21] and age [13] , in addition to a number of environmental factors such as gastrointestinal physiology, geographical location [13, 22] , housemates [23] , comorbidity, medication use, and diet [19, 24] .
Despite the large interindividual differences, vast collections of bacterial species and genes are shared among unrelated individuals, suggesting the existence of a core microbiome encoding indispensable metabolic traits [17] . Turnbaugh et al. proposed that deviation from the core microbiome may predispose to different physiological states like obesity [25] .
Diet and the microbiota
When regarding the intestinal microbiota and energy balance, it should be noted that diet plays a vital role. Diet influences both energy balance and microbiota directly. It influences microbial composition by determining which nutrients become available to the microbes residing in the gut and thus which microbes thrive or regress. Additionally, dietary components may alter the intestinal microenvironment favoring some bacteria over others. Furthermore, the diet might be capable of introducing new foodborne microbes to the gut [26] . Finally, the microbiota can modulate energy extraction from the diet by fermentation of otherwise indigestible nutrients.
The influence of diet on the gut microbiota was first illustrated by the microbial differences found between individuals with distinct dietary patterns. A Western diet is typically low in fiber and rich in animal protein, sugars, and saturated fat. This diet correlated with lower microbial richness and diversity and higher proportions of Firmicutes and Proteobacteria [13, 22] . In contrast, a non-Western diet, typically dominated by fiber and plant polysaccharides, correlated with higher microbial richness and diversity and higher proportions of Bacteroidetes and Actinobacteria [13, 22] . The presence of Prevotella specifically seems to be highly associated with fiber intake [13, 22, 26] . These microbial differences were far less prominent in breastfed children, underlining the influence of diet rather than geographical location or hygiene [22] . Furthermore, functional assessment of the metagenomes showed a distinction in metabolic capacity between Western versus non-Western microbiota. This parallels the distinction found between carnivorous and herbivorous mammalian microbiota and is thought to represent the functional adaptation of microbiota to available nutrients [13] .
Although microbial composition remains largely stable over time, major dietary shifts induce microbial adaptations [19, 26, 27] . In a cohort study of 800 insulin-resistant subjects, dietary changes affected both postprandial glucose responses and microbiota composition underscoring the potential causality of gut microbiota composition [27] . With regard to shortterm effects, subjecting healthy volunteers to a purely animalbased diet led to a shift in their microbial composition within 24 h after the diet reached the gut. One possible explanation for this finding could be that high-fat diet drives the growth of bile acid-resistant bacteria and reduces polysaccharide-fermenting bacteria. The microbial composition changed back to normal 2 days after the diet ended [26] . The functional adaptation of microbiota to a specific diet was further exemplified by an in vitro study with a model of the proximal colon inoculated with microbiota from either obese or healthy humans. It showed that substrate type determined which of the two microbial compositions had the highest fermenting capacity. Whereas the obesity-associated microbiota produced more SCFAs in response to galacto-oligosaccharides and lactulose, the opposite was true for pectin and fibers [28] .
In conclusion, long-term dietary patterns modulate bacterial composition and gene expression, likely in an attempt to optimize nutrient utilization. Furthermore, bacterial compositional changes can be rapidly established by major dietary shifts, favoring bacterial species that may be best equipped to degrade the newly introduced dietary components. Therefore, if we manage to manipulate the microbial composition in a beneficial way to target either obesity or undernutrition, a corresponding diet would likely help to maintain the favorable composition over a longer period of time.
Microbiota and energy balance
Although diet plays an important role in microbial composition and its capacity to affect energy balance, several rodent studies affirmed that microbiota can influence body composition irrespective of the diet. Bäckhed et al. [29] first showed that germ-free mice (lacking a microbiota of their own) had 40% less total body fat than conventional mice. This was despite the fact that both groups were fed the same polysaccharide-rich mouse food and that the germ-free mice even seemed to consume more food. When cecal microbiota from the conventionally raised mice was introduced to the germfree mice, their body fat increased to levels similar to those of the conventional mice [29] . This microbiota-dependent increase in body fat could in part be attributed to the production of SCFAs [29] . By producing readily absorbable SCFAs from nonabsorbable macronutrients, the microbiota promote energy harvest. Moreover, microbiota and SCFAs influence glucose-and lipid metabolism and thereby energy storage. Furthermore, it has been demonstrated that the microbiota influence bile acid metabolism either directly or via SCFAs. Bile acids, in turn, can influence glucose homeostasis and facilitate lipid uptake. SCFAs have also been implicated in the regulation of fatty acid oxidation, which contributes to energy expenditure. Additionally, SCFAs likely affect energy intake by interacting with the central nervous system either directly or via the regulation of several hormones. Finally, the microbiota and SCFAs mediate host immunity and inflammation, which is often associated with obesity and insulin resistance. The ways in which the microbiota might influence energy balance are described in more detail in the following subsections with emphasis on the role of SCFAs.
Production of SCFAs
Acetate, propionate, and butyrate make up >90% of all SCFAs and are present within the colonic lumen in an average molar ratio of 3:1:1 [30] . The production of SCFAs depends on a combination of substrate availability, intracolonic microenvironment, and microbial composition [31] . Furthermore, there is a high degree of microbe-microbe collaboration involved in the fermentation of indigestible nutrients. Whereas some bacteria are potent fermenters themselves, others facilitate fermentation by metabolizing the inhibiting by-product H 2 . For instance, it was shown that co-colonization of germ-free mice with the methanogenic archaeon Methanobrevibacter smithii as well as the saccharolytic bacterium Bacteroides thetaiotaomicron resulted in a significant increase in host adiposity, compared to mono-colonization with either one [32] . Moreover, after SCFAs have been formed, they are subjected to a high intracolonic interconversion due to microbial crossfeeding [33] . This shows that interventional studies with only one type of SCFA should be interpreted with caution as the observed effects might be due to other SCFAs after conversion in the gut.
Once SCFAs are produced, they are absorbed rather efficiently by the colonocytes, leaving only 5-10% of SCFAs in fecal matter [9] . SCFAs have been said to provide approximately 10% of the human daily energy requirements. However, as stated earlier, SCFA production is highly variable [34] . Colonocytes especially largely depend on SCFA oxidation as its primary form of energy supply. Consequently, colonocytes of germ-free mice have been demonstrated to be extremely energy deprived [35] and SCFA production is almost fully reduced in these animals [36] . Of the three SCFAs, butyrate is the primary SCFA influencing the bowel epithelium. Butyrate promotes cell proliferation and differentiation [37] , stimulates apoptosis [38] , and relieves oxidative stress in the intestinal wall [39] , altogether stimulating mucosal health.
Glucose metabolism
By producing SCFAs, the microbiota affect glucose-and lipid metabolism. Propionate, specifically, is a substrate for intestinal [40] and hepatic [33] gluconeogenesis and accounts for 69% of total body glucose production in mice [33] . Furthermore, SCFAs can regulate glucose metabolism by acting as signaling molecules. Butyrate and propionate were shown to induce intestinal gluconeogenesis in rats [40] . It was believed that intestinal gluconeogenesis and the subsequent increased portal glucose sensing ultimately led to the improved glucose tolerance, improved insulin sensitivity, and decreased fasting glucose levels exhibited by the butyrateand propionate-fed rats. These beneficial effects were absent in genetic intestinal neoglucogenesis-deficient mice or in rats that underwent portal denervation [40] .
Furthermore, SCFAs are thought to activate AMP-activated protein kinase (AMPK) in liver and muscle tissue. AMPK detects cellular energy depletion and promotes catabolic, rather than anabolic metabolism [41] . AMPK induces peroxisome proliferator-activated receptor gamma coactivator (PGC)-1α. PGC-1α in turn regulates several transcriptional factors such as peroxisome proliferator-activated receptor (PPAR)-α, PPAR-γ, PPAR-δ, and farnesoid X receptor (FXR), all of which regulate glucose-, lipid-, and cholesterol metabolism [42] [43] [44] [45] [46] . Furthermore, AMPK activation reduces hepatic expression of genes involved in gluconeogenesis, like glucose-6-phosphatase [46] . Interestingly, both PPARα and PPARγ have been used as pharmaceutical substrates for lipid-lowering (fibrates) and insulinsensitizing (thiazolidinediones) drugs.
Finally, SCFAs stimulate the secretion of gut hormones glucagon-like peptide-1 (GLP-1) and peptide YY (PYY) from the enteroendocrine L-cells in rodents. This is likely mediated through the binding of SCFAs to G-protein-coupled receptor (GPR)-41 and GPR-43 [47] [48] [49] . GLP-1 and PYY are incretin hormones that positively influence glucose homeostasis through the stimulation of a glucose-dependent insulin release and inhibition of glucagon release from the pancreas [44] . Increase in fasting PYY and postprandial insulin and glucose concentrations were also found in humans who were rectally infused with acetate. Proximal colonic infusion in the same study showed no effect, however [50] . Perry et al. [51] demonstrated that acetate induced glucose-stimulated insulin secretion in rats independent of GLP-1, through parasympathetic activation. The chronic postprandial hyperinsulinemia resulted in hyperphagia, obesity, and insulin resistance [51] . These findings are in contrast with studies that observed vinegar (rich in acetate) to have a beneficial effect on satiety, body composition, and glucose homeostasis in humans [52, 53] . In summary, SCFAs regulate intestinal and hepatic gluconeogenesis. They also mediate glucose homeostasis, possibly by stimulating the release of gut-derived incretin hormones and insulin or parasympathetic activation.
Lipid metabolism
Once SCFAs are transported to the liver, acetate and to a lesser extend butyrate are used as substrates in cholesterol synthesis and lipogenesis [33] . As mentioned earlier, through the activation of AMPK, SCFAs also regulate lipid-and cholesterol synthesis [42] [43] [44] [45] [46] . In addition, dietary SCFAs reduced white adipose tissue (WAT) mass and adipocyte size and induced peripheral insulin sensitivity in mice, while food intake and physical activity remained unaffected. There was generally a shift from lipogenesis to fatty acid oxidation. These effects were shown to be PPARγ dependent and PGC-1α independent [42] . The reduction in WAT mass and adipocyte size is remarkable, as PPARγ expression has shown to induce adipocyte differentiation and adipogenesis in other studies [54] . Moreover, through the activation of PGC-1α, SCFAs induce fatty acid oxidation and thermogenesis in brown adipose tissue (BAT), thereby increasing energy expenditure in mice [45] . van der Beek et al. [50] also demonstrated increased fatty acid oxidation after rectal acetate administration in men. Furthermore, SCFAs stimulate leptin secretion in adipocytes [55] . Leptin, a prominent satietogenic hormone, also increases fat oxidation in an AMPK-dependent manner in both liver and muscle tissue [56] .
Paradoxically, whereas the microbiota's main metabolites, SCFAs, were shown to increase AMPK and PGC-1α activation, this was also increased in germ-free mice that lack microbiota and are typically SCFA-depleted [41] . The first study evaluating the role of the gut microbiota in lipid metabolism was performed by Bäckhed et al. [29] , comparing germ-free and conventional mice. They found that the presence of microbiota in conventional mice suppressed intestinal fasting-induced adipocyte factor (Fiaf, also called angiopoietin-like 4, ANGPTL4). The suppression of Fiaf by the microbiota led to increased lipoprotein lipase (LPL) expression and increased triglyceride uptake and deposition in adipocytes [29] . SCFAs, particularly propionate, may also directly induce LPL activity [57] . Conversely, germ-free mice demonstrated an increased Fiaf expression and were protected from diet-induced obesity [29] . They had higher levels of AMPK and PGC-1α, leading to an increase in free fatty acid oxidation [41] .
In summary, the microbiota and SCFAs have been demonstrated to influence lipid metabolism in multiple ways, some of which might be contradictory. Although the precise pathways and their relative contribution to net energy balance are not entirely understood, there seems to be a trend toward reducing lipid and carbohydrate production and enhancing fatty acid oxidation [44] . These changes could increase energy expenditure, decrease liver fat accumulation and circulating free fatty acids, and improve glucose tolerance.
Bile acid metabolism
Primary bile acids are synthesized in the liver from cholesterol and excreted in the duodenum to assist the absorption of fat-soluble vitamins and dietary lipids. Those primary bile acids, that are not reabsorbed in the ileum, enter the colon and are microbially converted to secondary bile acids [58] . There is a bidirectional relationship between bile acids and the intestinal microbiota. Colonic bile acids can regulate microbial composition as some microbes, like Clostridium difficile, are susceptible to bile acid toxicity, while others require bile acids for growth [58] . In reverse, bile acid metabolism can be influenced by the microbiota. As stated earlier, SCFAs influence AMPK and PGC-1α, which regulate the expression of FXR [44] . FXR in turn regulates bile acid synthesis through negative feedback [58] . Furthermore, the microbiota metabolize FXR ligands, thus promoting FXR signaling. Accordingly, Sayin et al. [59] showed that germ-free mice had reduced FXR signaling and increased bile acid pools. FXR was also implicated in lipid and glucose regulation. However, whether this influence is beneficial remains unclear and might be dependent on host diet or site of FXR signaling [58] . Another bile acid receptor is GPR TGR5, which increases thermogenesis and energy expenditure in BAT [60] . Both FXR and TGR5 are expressed on enteroendocrine L-cells and regulate GLP-1 synthesis: TGR5 induces GLP-1 synthesis [60] , whereas FXR activation reduced it [61] . Thus, the intestinal microbiota may ultimately influence lipid uptake and host glucose metabolism through its effects on bile acids.
Appetite regulation
When regarding energy balance, appetite (an important determinant of energy intake) cannot be overlooked. Appetite is regulated by the central nervous system which responds to a variety of peripheral neuronal and chemical signals [62] . These signals are integrated in the hypothalamic arcuate nucleus (ARC) which can then exert both orexogenic and anorexogenic effects. Orexogenic neurons in the ARC express neuropeptide Y (NPY) and agouti-related protein (AgRP). Anorexogenic effects of the ARC are mediated by neurons containing proopiomelanocortin (POMC) and cocaine-and amphetamineregulated transcript (CART) [9, 62, 63] .
As described earlier, SCFAs stimulate the secretion of satietogenic hormones such as leptin, GLP-1, and PYY, which seem to increase satiety by acting upon NPY/AgRP and POMC/CART within the ARC [9, 62, 63] . Furthermore, GLP-1 and PYY inhibit gastric emptying and increase afferent vagal nerve firing to the hypothalamus, further promoting satiety [63] .
The effects of microbiota and SCFAs on appetite regulation were investigated in a study comparing mice fed a high-fat diet supplemented with highly fermentable oligofructoseenriched inulin to supplementation with corn starch [64] . Inulin supplementation led to increased colonic SCFAs, decreased energy intake and adiposity, and increased neuronal activation within the ARC, suggesting a decrease in appetite. However, no significant differences in GLP-1 were observed [64] . Therefore another study was conducted to see whether the apparent appetite reducing effects of fermentable carbohydrates could indeed be caused by SCFAs directly, independent of GLP-1 [65] . They found that 3% of colonic-and intravenously infused 11 C acetate was taken up by the brain, thus crossing the blood-brain barrier. Also, intraperitoneal injection of acetate resulted in reduced food intake without significant differences in GLP-1 and PYY. Finally, they observed increased neuronal activity within the ARC similar to their previous study and found a fourfold increase in POMC and suppression of AgRP, which would ultimately have a satietogenic effect on the host [65] . These results are in accordance with studies that found a satietogenic effect of acetate (administered as vinegar) on healthy humans [52] , but inconsistent with the parasympathetically-induced hyperphagia found in acetate-infused rats [51] . Thus, SCFAs might reduce appetite and food intake either indirectly through the effects of several hormones, or by directly acting on the hypothalamus.
Immunity and inflammation
The intestinal microbiota are essential in the development and maintenance of the immune system. This is evidenced by studies using germ-free mice, which showed impaired development of gut-associated lymphoid tissue and antibody production as well as hypoplastic mesenteric lymph nodes. Consequently, these animals are more susceptible to infection [66] . Furthermore, the microbiota may protect the host from invading pathogenic microbes by competition for mucosal attachment sites and nutrient availability. However, microbiota may also promote inflammation by secreting pathogen-associated molecular patterns (PAMPs), such as lipopolysaccharide (LPS) [4] . PAMPs bind toll-like receptors that induce proinflammatory responses which might result in a condition termed 'metabolic endotoxemia' [67] . Metabolic endotoxemia is featured by a chronic low-grade inflammatory state and is often associated with obesity and insulin resistance [67, 68] . Butyrate is thought to enhance the intestinal barrier function by facilitating tight junctions, which is theorized to reduce the uptake of PAMPs [4, 69] . However, this theory is contested as LPS, for instance, is typically taken up through chylomicrons [4] . In addition, SCFAs seem to promote anti-inflammatory colonic regulatory T cells in mice [70] . Finally, in vitro studies incubating human omental adipose tissue with propionate demonstrated a downregulation of several pro-inflammatory cytokines and chemokines [57] . This further demonstrates the anti-inflammatory effects of SCFAs.
In conclusion, the ways through which the microbiota influence energy balance are numerous and include both direct and indirect pathways, which sometimes seem to contradict each other. The relative contribution of each microbiota-mediated pathway to net metabolism remains unclear and could vary depending on circumstance. A summary of the ways in which microbiota and SCFAs might influence host metabolism and energy balance is depicted by Figure 1 . It should be noted that most evidence is generated by in vitro studies and by animal experiments under standardized conditions. Whether these results hold any clinical relevance and to what extent they may be extrapolated to a human population needs to be further elucidated. Therefore, human studies are needed to affirm these biochemical reactions between the human host and its microbiota. Knowledge of these mechanistic pathways is a requirement for the development of more targeted microbial-manipulating strategies.
Microbial composition in both obesity and undernutrition
Previously, we have described the major mechanistic pathways through which the intestinal microbiota might influence host metabolism and energy balance. Here we summarize the general microbial compositional patterns that have been associated with obesity and undernutrition.
Microbial characteristics in obesity
Obesity, resulting from a continuously positive energy balance, forms a major health threat due to its high association with noncommunicable diseases such as type 2 diabetes mellitus, cardiovascular disease, and osteoarthritis [2] . During the past years, many researchers have attempted to characterize the obesity-associated microbiota; however, inconsistent results have been published.
The obesity-associated microbiota is thought to have an increased capacity for energy harvest from the diet. This is attributed to the relative enrichment in specific genes encoding the breakdown of indigestible proteins and carbohydrates into SCFAs [32] . Furthermore, fecal energy content in obese mice was lower, which could point to a more efficient energy uptake in obese subjects [32] . The increased capacity for energy harvest is a trait that was found to be transmissible from one individual to another by FMT. Germ-free mice receiving fecal microbiota from obese donors suffered a significantly greater increase in body fat than mice receiving from lean donors. Meanwhile, chow consumption did not differ significantly between groups [8, 32] .
By comparing the microbiota of lean and obese individuals, a decrease in both microbial diversity and richness has generally been demonstrated in obese subjects [5, 25, 71] . Furthermore, an increase in the Firmicutes:Bacteroidetes (F:B) ratio has been associated with obesity in mice [32, 72] and humans [25, 71] . Although some studies did not find a difference in F:B ratio [73] , or even found an inverse F:B ratio [74] , they did find significantly more SCFAs in obese subjects compared with lean subjects [73, 74] . Fernandes et al. [73] also found that the amount of fecal SCFAs did positively correlate to the F:B ratio and found an inverse association between Bacteroidetes and body mass index (BMI). Moreover, a progressive increase in Bacteroidetes was associated with voluntary weight loss in a dietary intervention study following 12 obese subjects over the course of a year [5] . This further suggests a relationship between the major bacterial phyla and bodyweight. In another interesting study, 30 obese individuals undergoing Roux-en-Y gastric bypass (RYGB) surgery were followed [75] . At baseline, they were found to have less Bacteroides and Prevotella species compared to lean controls. Abundance of Bacteroides, Prevotella, and Escherichia coli increased after surgery and were found to be inversely correlated to body weight, BMI, and body fat mass during followup. Furthermore, abundance of the Firmicute Faecalibacterium prausnitzii was significantly lower in obese diabetic subjects than in obese nondiabetic and lean subjects. F. prausnitzii has often been described to possess anti-inflammatory properties and indeed, levels of F. prausnitzii increased after RYGB along with an improvement of inflammatory markers. It is important to realize that abundancy shifts could in part be due to dietary and anatomy changes after surgery [75] . Mucin-degrading Akkermansia muciniphila represents another species that was found to be negatively correlated to weight gain and inflammatory markers in high-fat fed mice [76] .
The diverse results found when characterizing the obesityassociated microbiota might be caused by the wide variety in the selection of study subjects, study design, and outcome measures. Moreover, the high interindividual variability in microbial composition and the various interactions with environmental factors such as diet could also diversify the results of these studies. Nonetheless, a decrease in diversity and increase in F:B ratio has often been reported. The suggested relationship between higher SCFA concentrations and obesity that was suggested [32, 73, 74] is interesting, because interventional studies with SCFAs demonstrated that SCFAs generally have a beneficial effect on energy balance and may even cause subjects to lose weight [40, 42, 45] . Perhaps the relative abundances of SCFAs are key in the net metabolic effect or there are other microbial-mediated pathways that also influence energy balance. This needs to be further investigated. 
Microbial characteristics in undernutrition
Whereas microbial composition is widely being studied in relation to obesity and insulin resistance, studies concerning microbiota and undernutrition are relatively scarce. An undernutrition-associated microbiome may yield less capacity to harvest and utilize nutrients. It may additionally have a stronger satietogenic effect.
In mouse studies, it was shown that the microbiota of undernourished neonatal mice had lower overall bacterial richness and diversity compared to well-nourished control mice [77] . The undernutrition-associated microbiota was distinct across the ileum, cecum, and colon. It contained significantly lower proportions of Bacteroidetes and higher proportions of Verrucomicrobia, particularly mucin degrading A. muciniphila [77] . In a mouse model for leukemia-induced cachexia, a decrease in Lactobacillus reuteri and L. gasseri was shown compared to healthy controls. Interestingly, supplementation of these Lactobacillus species resulted in a reduction in atrophy markers and inflammatory cytokines [78] .
Human studies investigating the relation between the microbiota and undernutrition mainly focused on severely undernourished children from developing countries. Comparing the microbiota of undernourished and well-nourished Bangladeshi children, undernourished microbiota was significantly less diverse. It contained less Bacteroidetes and significantly more potentially pathogenic Proteobacteria, including Klebsiella, Escherichia, and Neisseria [6] . Malnourished Bangladeshi children were also shown to have relatively immature microbial compositions [79] . The relation between childhood undernutrition and immature gut microbial patterns was also found in Malawian children [7, 80] . Transplantation of feces from undernourished children into germ-free mice resulted in significantly greater weight loss and impaired growth than transplantation from healthy children. These results depended on a typical Malawian diet [7, 80] .
In the developed world, undernutrition is observed in a variety of demographic groups, among which are the (institutionalized) older adults. Older adults suffer from physiological changes in appetite (anorexia of aging), gastrointestinal physiology, and immune function all contributing to undernutrition [81] . In addition, undernutrition in older adults often coincides with (chronic) diseases like neoplasms, leading to cachexia. Furthermore, the aging microbiota diminishes in diversity and there is an increase in interindividual variability [82] . Altogether, similar to the infant microbiota, the aged microbiota might be more prone to external disrupting factors. Claesson et al. [24] investigated the microbiota of community-dwelling and institutionalized older adults. They established that microbial composition was correlated to Minimal Nutritional Assessment (MNA) score in both groups. They did not report any specific bacterial species that might be related to the MNA score and could not find a relation between BMI and F:B-ratio. Furthermore, they found that fecal SCFAs were lower in subjects with higher frailty scores [24] .
Another population that is particularly characterized by undernutrition, is patients suffering from anorexia nervosa (AN). Mack et al. [83] compared the microbial composition of AN patients before and after weight gain to normal weight controls. They found that AN patients at baseline had significantly lower levels of Bacteroidetes compared to controls. During weight gain, abundance of Bacteroidetes decreased even further, whereas Firmicutes abundances increased. Actinobacteria and Verrucomicrobia abundances were also higher in AN patients, and Verrucomicrobia levels did decrease after weight gain [83] . Moreover, the AN microbiota gained significantly in diversity and richness after weight gain, although this effect may in part be diet dependent [83] .
In conclusion, studies exploring the role of intestinal microbiota in undernutrition have been conducted in diverse patient groups. Also, undernutrition may be differently defined among studies. Whereas some define undernutrition by weight loss, others do so by low BMI or a combination of the two. Other quantifiers of undernutrition may include low body fat mass, low caloric intake or low body circumferences or questionnaires such as the MNA. Therefore, it should be noted that results from one study should not be extrapolated to undernutrition in general and microbial influences may differ among groups or types of undernutrition. However, undernutrition does seem to be associated with a reduction in bacterial diversity and richness as might be the case with the obesityassociated microbiota. Furthermore, some researchers have reported less Bacteroidetes in relation to undernutrition, but a consistently higher F:B ratio was not described.
Microbiota-manipulating interventions
Since the intestinal microbiota have been identified as a new contributing factor in the development of obesity and undernutrition, interventional studies have emerged to target the microbiota. Microbiota-manipulating interventions may aim to promote specific beneficial bacterial species or repress others. The former can be done by introducing live bacteria into the gut (probiotics) or by introducing nondigestible carbohydrates that are selectively fermented and promote beneficial bacteria (prebiotics). Synbiotics refer to a combination treatment with both pre-and probiotics. Repressing harmful bacteria can be established by treating subjects with antibiotics, like vancomycin. There are also studies attempting to radically alter the entire microbial composition by transferring the total range of microbiota from a healthy individual to a malnourished individual. This is done by FMT.
Pre-, pro-, and antibiotics
The research into pre-and probiotics has generated diverse results, which may be explained by the various types and doses of pre-and probiotics used, as well as baseline microbial composition of the subjects and differences in subject phenotype. The clinical use of pre-and probiotics extends to the treatment of several disorders like diarrhea and constipation, inflammatory bowel disease, cardiovascular disease, and the prevention of malignancies [84] . In the context of malnutrition, pre-and probiotics may promote micronutrient synthesis and uptake, mediate inflammation, stimulate either weight gain or loss, promote insulin sensitivity, and affect appetite [84] .
Lactobacillus and Bifidobacterium strains are most researched for their probiotic properties. However, new probiotic strains are rapidly emerging. It should be noted that metabolic capabilities are highly strain specific and may even differ between two strains from the same species [85] . Common prebiotics include resistant starch, inulin, galactooligosaccharides, and fructo-oligosaccharides. Ideally, prebiotics should be unaffected by the upper gastrointestinal tract, should be nonabsorbable, and confer their health benefits by stimulating the growth and activity of beneficial microbial species.
Metagenomic studies have shown that several bacterial species, like L. reuteri, harbor genes encoding micronutrient synthesis. This is especially true for the group of B vitamins [85, 86] . Furthermore, pro-and prebiotics can promote absorption of minerals like magnesium, iron, and calcium [87] [88] [89] . This may be due to increased SCFA production, which decreases intestinal pH and promotes epithelial health leading to increased mineral solubility and uptake [90] . Studies examining the use of pre-and probiotics in (micronutrient) undernutrition are currently lacking. Demonstrated beneficial effects are limited to the treatment of undernourished children from developing countries [91] .
In contrast, the role of pre-and probiotics in obesity and insulin resistance is more extensively researched. Parnell and Reimer [92] demonstrated that oligosaccharide supplementation caused weight loss, improved glucose regulation and decreased self-reported food intake in overweight adults. The observed effects were associated with reduced ghrelin and enhanced PYY production. In line with these findings, Cani et al. [93] found reduced hunger rates, increased postprandial GLP-1 and PYY, and decreased postprandial glucose responses in healthy volunteers treated with prebiotics. Probiotics, especially Lactobacillus strains, were also found to beneficially affect body weight, glucose-and lipid metabolism, and inflammatory status [94] [95] [96] [97] .
Beneficial effects of antibiotics on metabolic and inflammatory state were demonstrated in animal trials [98, 99] , but were far less evident in human studies. Although 1-week treatment with vancomycin of 57 obese, prediabetic men did lead to significant microbial differences (reduction in diversity and Firmicutes and increase in potentially pathogenic Proteobacteria) [100, 101] , no beneficial effects on insulin sensitivity, inflammation or gut permeability were demonstrated (101). Vrieze et al. [100] even found a negative effect on insulin sensitivity.
Fecal microbiota transplantation
Although metabolic disorders encompass a relatively new indication for FMT, the practice itself is over a thousand years old. It was described to cure food poisoning and severe diarrhea during the Dong-Jin dynasty in the fourth century in China [102] . Later, in the sixteenth century during the Ming dynasty, it was also used for fever, pain, vomiting, and constipation. By that time FMT was euphemized and referred to with statements such as 'yellow soup' [102] . Ralph Lewin reported in 1999 that Bedouins recommended fresh camel feces as a remedy for bacterial dysentery, a method validated by German soldiers in Africa during World War II [103] . Finally, in 1958, FMT was first documented in modern medicine by Eiseman et al. [104] . It was found to be an effective treatment for pseudomembranous enterocolitis, which was likely caused by C. difficile infection. In 2013 the first randomized controlled trial was published comparing FMT to vancomycin in the treatment of C. difficile infection [105] . Whereas vancomycin only cured 31% of patients, FMT cured 81% of patients after a single infusion and 94% of patients after repeated infusion [105] . Other possible indications for FMT include irritable bowel syndrome, inflammatory bowel disease, constipation, and metabolic syndrome [106] .
To our knowledge, Vrieze et al. [107] conducted the first randomized controlled FMT trial in patients with metabolic syndrome. They found that fecal transplantation from lean to obese individuals resulted in increased insulin sensitivity and improved gut-microbial diversity. The amount of fecal SCFAs decreased after transplantation. Note that this does not necessarily reflect decreased SCFA production, as it could also point to more efficient SCFA uptake and utilization. Especially since the abundance of several known butyrate-producing bacteria (including Roseburia intestinalis and Eubacterium hallii) increased compared to autologous transplantation. No differences in diet, resting energy expenditure, or counter-regulatory hormones were found after autologous or allogeneic FMT [107] . Currently, there are seven trials registered at clinicaltrials.gov investigating the effect of FMT on either obesity or insulin resistance.
No studies investigating the effects of FMT on undernutrition have been published to our knowledge and none are registered at ClinicalTrials.gov. However, a case study reported significant weight gain after a successful treatment for recurrent C. difficile infection. The subject developed new-onset obesity (BMI increase from 26 to 34.5 kg/m 2 ) after FMT from a healthy, obese donor [108] . Additionally, our research group is currently conducting studies on the effects of FMT on energy homeostasis and satiety in anorexia nervosa patients and in patients suffering from cancer-related sarcopenia.
There are some practical and safety issues concerning FMT that need to be clarified before FMT can be regularly applied in a clinical setting. These include optimal method for donor selection and screening, optimal feces handling (aerobic or anaerobic), optimal administration form (fresh, frozen, or encapsulated), optimal administration mode (oral, duodenal, or rectal), optimal fecal volume, and effect durability. Effect durability would determine the need to repeat FMT in order to reach the desired effect. Using fecal samples from the FMT study by Vrieze et al. [107] , coexistence of donor and recipient strains was assessed [109] . The durability of donor-specific strains varied across recipients and lasted for at least 3 months, although donor-recipient similarity did gradually decrease. Furthermore, different colonization and durability rates were observed between recipients of a single donor, suggesting that specific donor-recipient compatibility might be relevant. It was also found that new strains more easily colonize the recipient gut if the species is already present before FMT [109] . FMT-related adverse events are rare, generally mild and self-limiting, and mostly constitute gastrointestinal discomfort. Serious adverse events that were reported included bacteremia, perforations, and death and occurred in patients who were severely ill prior to FMT [106] .
Altogether, there is currently little evidence on the optimal method for FMT and the beneficial effects of FMT on nutritional state. Additional studies are needed to determine the possible therapeutic role of FMT. However, preliminary results are promising.
Expert commentary
Over the last decades, the intestinal microbiota have intensively been investigated regarding its relation to energy balance and malnutrition. The increase in microbiota studies was catalyzed by the emergence of culture-independent sequencing techniques, which made it possible to identify microbial composition more easily and relate this to health and disease. Although the capacity of the microbiota to influence energy balance is indisputable, the precise mechanisms remain unclear. Attempting to elucidate these mechanisms, we anticipate a shift from studies examining microbial composition to studies examining the entire metagenome. Mapping the collective metabolic capacity of the microbiota rather than its taxonomic composition is likely far more informative and will give greater insights into the microbiota's effect on its host, especially, since two strains of the same taxonomic species can hold different traits.
Furthermore, when characterizing the microbiota specific to either over-or undernutrition, it is important to realize that most studies map the fecal microbiota rather that the colonic mucosal microbiota, which may differ substantially [110] . However, conducting colonoscopies to obtain mucosal biopsies is not feasible while retaining sample sizes. Furthermore, it should be realized that the microbiota is not only determined by nutritional status but also by numerous other factors. Factors like genetics, comorbidity, medication, age, and diet should be taken into account when conducting epidemiological or interventional studies. In the same way, malnutrition is not solely caused by microbial perturbations but also by other biological and psychosocial factors. It stands to reason that therapies manipulating microbial composition will be most successful in individuals in whom the microbiota exert a relatively strong influence on energy balance. The challenge lies in identifying those individuals who are most susceptible to microbial manipulation.
In addition to a more optimal patient selection, optimal administration mode and dose for both FMT and pre-and probiotics need to be determined. Furthermore, in order to maintain any beneficial effect of microbiota-manipulating interventions, it should be prevented that the microbial composition shifts back to normal after the intervention has ended. This could possibly be done by repeating the intervention or by identifying dietary patterns that will maintain beneficial microbiota. Also, it needs to be determined whether the host becomes tolerant to the beneficial effects of the altered microbiota. This could be done by conducting longer followup trials. As long as the beneficial tendencies toward weight gain or loss are sustained over a longer period of time, microbiota manipulation might be sufficient to cause a clinically relevant outcome.
Five-year view
The field of microbiota research is rapidly evolving. During the next 5 years, we expect that more in vitro studies and animal experiments will be conducted, attempting to further clarify the precise effects of the microbiota on host energy balance. In human studies, there may be a shift from studies focusing on intestinal microbial composition to studies focusing on metagenomics and next-generation probiotics. It will be important to move away from small, cross-sectional studies toward larger prospective studies. Falony et al. [111] estimated that a sample size of approximately 535 subjects per group would be needed to adequately asses the relationship between obesity and microbiota composition when one corrects for age, gender, and other confounding variables [111] . Furthermore, whereas most observational studies are currently cross-sectional, more prospective studies will be able to illustrate a temporal relationship between the microbiota and disease states. More randomized controlled trials will be conducted. These will include trials investigating the effect of a specific diet on the microbiota (for instance, diets rich in specific micro-or macronutrients, food groups, food products, or restrictive diets). FMT trials will illustrate more clearly how to optimally conduct fecal transplantation as well as long-term effects. Currently, FMT studies have shown limited effectiveness. Furthermore, more probiotic strains will be identified and mapped and the delivery system of pre-and probiotics to the distal gut by pH-driven capsules will be improved. We anticipate that microbial interventions might become more personalized, targeting microbially susceptible individuals and taking into account environmental factors as well as baseline microbial composition. Finally, trials with longer follow-up will determine durability of any clinical effect.
Key issues
• The intestinal microbiome contains an amount of bacteria that is approximately equal to the somatic cells in the human body and the bacterial genes vastly outnumber the human genome, encoding metabolic and endocrine traits that complement those of humans.
• Diet is an important determinant of both nutritional state and the microbiome. An acute, dietary switch can affect microbial composition within 24 h. The microbiota likely adapt to a specific diet, optimizing fermentation and thus SCFA production.
• The microbiota ferment otherwise indigestible nutrients, producing SCFAs, which can be used as lipid-or glucose substrate or can be oxidized by colonocytes, thus contributing to energy harvest.
• The microbiota can influence energy storage and expenditure either directly or through several signaling molecules, among which are bile acids and SCFAs. The latter activate AMPK, which regulates several transcriptional factors such as PGC-1α, PPAR-α, PPAR-γ, PPAR-δ and FXR thus influencing glucose-and lipid metabolism.
• SCFAs stimulate several hormones involved in lipid-and glucose metabolism (such as GLP-1, PYY and leptin) as well as appetite, thus affecting energy intake.
• Specific microbial characteristics have been described for individuals with either obesity or undernutrition and generally pertain to a decrease in bacterial diversity and a shift in Firmicutes:Bacteroidetes ratio. Also, increased SCFA concentrations have been reported in relation to an obesityassociated microbial composition.
• Several strategies have emerged to manipulate microbial composition, aiming to promote healthy energy balance. Although some promising results have been reported, evidence is scarce and optimal treatment strategies have yet to be established.
• Future observational studies should include larger sample sizes, target well-defined patient groups and focus on metagenomics, rather than microbial composition.
• Future interventional studies should target microbially susceptible individuals, correcting for environmental factors such as diet, co-morbidity and medication and should include longer follow-up time.
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